ABSTRACT: We investigated the effects of soluble nutrient inputs into larval habitats of Ochlerotatus triseriatus (Diptera: Culicidae) on microbial components and mosquito production using laboratory and field microcosm experiments. Labile carbon, added as glucose, was the most consistent stimulus of bacterial production as measured by leucine incorporation rates. In laboratory experiments, glucose, but not nitrate or phosphate, stimulated bacterial production in natural treehole water samples; however, glucose in combination with nitrate and phosphate was necessary to stimulate bacterial production on laboratory microcosm leaf surfaces. Field microcosm experiments were then conducted in which the nutrient combination was added periodically during larval development. In the first experiment, nutrients were added weekly or not at all in a 2 × 2 factorial design with larval presence or absence. Larval grazing effects on bacterial abundance and production, protozoan and rotifer abundance and biovolume, protozoan cyst abundance, and leaf fungal biomass as measured by ergosterol content, were much more pronounced than any nutrient effects. However, nutrient additions enhanced mosquito survival and affected leaf surface bacterial production. In separate experiments, weekly additions of nutrients at twice the initial concentrations enhanced mosquito production compared to 1 ⁄ 2 initial nutrient concentrations. Additionally, supplementation of nutrients at initial levels, but on successive days during the second week of larval development, enhanced mosquito production relative to additions during the first and third weeks of larval development. Our results show that microbial communities in larval habitats are more likely to be limited by top-down larval feeding effects than bottom-up soluble nutrient inputs; however, mosquito production can be enhanced through soluble nutrient stimulation of microbial growth and the timing of that stimulation. 
INTRODUCTION
Approximately 40% of mosquito species are 'container-breeders'. Larvae of these species develop in small (ca. 0.01 to 5 l) natural or artificial habitats that are periodically filled with rainwater or plant exudate.
Ochlerotatus triseriatus (until recently, Aedes triseriatus, Reinert 2000 ) is a typical example and can be found in treeholes and discarded tires throughout eastern North America. In the northern parts of its range, O. triseriatus is normally the top-level consumer and free from predation in its larval habitats. Although macroinvertebrate community dynamics of treeholes and other container habitats have been quantified (Kitching 2001 ), studies at the microbial level and those that integrate microbial processes with macroinvertebrates have been very limited. This is in spite of the fact that the dominant ecosystem processes in container habitats are allochthonous input and heterotrophic processing of organic matter by microorganisms (Kitching 2001) . In treeholes, leaf material and stemflow (rainwater running down branches and trunks of the tree) are known to be important system inputs (Carpenter 1982 , Kitching 2001 . Many studies have examined the impact of leaf material on the growth of O. triseriatus and similar species (e.g. Carpenter 1983 , Walker & Merritt 1988 , Leonard & Juliano 1995 , Walker et al. 1997 , Yanoviak, 1999 and have led to modeled estimates of mosquito production based upon leaf material quantity and quality and larval densities (Carpenter 1984 , Walker et al. 1997 ). Other studies have examined the potential nutrient contributions from stemflow (Carpenter 1982 , Kaufman et al. 1999 ) on mosquito production. However, leaf material and stemflow inputs are only indirect sources of larval nutrition because these inputs are first incorporated into microbial biomass or modified by microbial activity.
The few studies that have addressed microbial populations in treeholes (Washburn et al. 1988 , Paradise & Dunson 1998 , Kaufman et al. 1999 , Eisenberg et al. 2000 have generally provided evidence for strong larval control. Except for temporary reduction of water column bacterial populations through dilution , stemflow effects are thought to be minor compared to larval effects (Kaufman et al. 1999) . Nonetheless, stemflow can enhance mosquito production (Carpenter 1982 . The mechanisms of this enhancement, nutrient addition versus flushing out of toxic or inhibitory metabolites, are not yet known.
Because larval or 'top-down' control of microbial dynamics in container habitats is well-established , Cochran-Stafira & von Ende 1998 , Paradise & Dunson 1998 , Kaufman et al. 1999 , Eisenberg et al. 2000 , we have begun to examine other constraints on microbial food webs in Ochlerotatus triseriatus habitats. Heterotrophic microbial production can often be resource-limited by labile carbon substrates and/or by key inorganic nutrients such as nitrogen and phosphorus in aquatic systems (Wetzel 1995 , Pace & Cole 1996 . While treehole systems are generally rich in organic material and available forms of nitrogen and phosphorus , much of the carbon is in the form of refractory substances such as tannins and humic material (Mercer & Anderson 1994) . Therefore, carbon quality is likely the primary limit on microbial production in these habitats. Because particulates (e.g. leaf material) must first enter the dissolved pool for uptake by decomposer microorganisms, additions of nutrients as particulates or as soluble forms (e.g. stemflow) should impact the food web in a similar manner. Previous studies have suggested the importance of soluble input from leaf material and stemflow in determining larval development success (Carpenter 1982 , Walker et al. 1997 .
How nutrient stimulation of basal food resources (e.g. bacteria) in treehole food webs ultimately affects mosquito production is a complex question because of the larvae's generalist feeding habits. First, larvae simultaneously utilize basal bacterial and intermediate protozoan trophic levels. Second, they feed by filtering water column microorganisms and by browsing microorganisms associated with leaf and container surfaces . These feeding modes may change in relative intensity depending on larval stage and food resource availability (Juliano & Reminger 1992 , Eisenberg et al. 2000 . Models of trophic cascades do not often address simultaneous consumption of primary and secondary production by a top-level consumer, particularly as it relates to heterotrophic microbial components (Porter 1996 , Cochran-Stafira & von Ende 1998 . Additionally, the models rarely address issues of resources being partitioned into distinct spatial and nutritional categories (Leibold et al. 1997) .
In this study, we examined soluble nutrient effects on bacterial production in simulated treehole habitats and the subsequent impact on microbial components (bacteria, fungi, protozoans, meiofauna) and larval development. After determining primary limiting nutrients, we examined the effects of stimulating bacterial production on microbial dynamics with and without larvae present. Because any impact of increased bacterial production might vary with leaf decay dynamics, or larval size and nutritional demands, we also varied the amounts and timing of nutrient additions to determine those effects on mosquito production. A trophic cascade hypothesis model would predict that nutrient additions would increase the biomass/growth rates of alternate trophic levels. Because Ochlerotatus triseriatus larvae feed indiscriminately on all lower trophic levels, we predicted that stimulation of a basal trophic level (bacteria) with nutrients would result in the increase of only the top consumer/predator level. Further, because larval grazing pressure on surfaceassociated microorganisms appears to be different than on planktonic microorganisms (Kaufman et al. 2001) , we also predicted that the effects of nutrients would interact with larval presence and elicit different microbial responses in the water column compared to the leaf substrate.
MATERIALS AND METHODS
Laboratory Expt 1. This experiment was designed to identify which nutrient class, labile DOC (glucose) or inorganic (combination of N, P, and S), limits bacteria in simulated habitats, and if there are interactions of the nutrients with larval presence. Microcosms for individual larvae were 20 ml glass scintillation vials with one 22 mm diameter leaf disc cut from senescent American beech Fagus americana leaves, 6 ml of deionized water, and 100 µl of treehole inoculum (Kaufman et al. 2001) . After several days of pre-conditioning at 20°C in the dark, individual 4th instar Ochlerotatus triseriatus larva were added randomly to 1 ⁄ 2 of the microcosms. After 4 d incubation at 20°C, nutrients were added as one of the 4 following treatments: inorganic mix (= KNO 3 at 5 ppm N final concentration, plus Na 2 PO 4 at 0.5 ppm P final concentration, plus Na 2 SO 4 at 5 ppm S final concentration); glucose at 20 ppm final concentration; combination (= inorganic mix plus glucose at concentrations listed above); or control (= an equivalent quantity of de-ionized water). These quantities reflect concentrations of inorganic ions and soluble carbohydrate found in stemflow (Carpenter 1982 , Kaufman et al. 1999 . Twenty-four hours after nutrient additions, microcosms from each treatment group were randomly selected and processed as described below for bacterial abundance and production measurements. Because these procedures involve destructive sampling of water column and leaf discs, separate microcosms were used for abundance and production measurements.
Laboratory Expt 2. This experiment was designed to identify which nutrient, labile DOC, nitrate or phosphate, limited bacterial production in natural treehole water. Water samples from approximately 1 cm beneath the surface were collected from treeholes near the main campus of Michigan State (Ingham, E. Lansing, MI) and returned to the lab on ice. All sampled treeholes contained thriving populations of Ochlerotatus triseriatus larvae. Water from each treehole was subdivided into five 2 ml aliquots. Each aliquot then received one of the following treatments: KNO 3 at 5 ppm N final concentration; Na 2 PO 4 at 0.5 ppm P final concentration; glucose at 20 ppm glucose final concentration; combination (= nitrate plus phosphate plus glucose in concentrations listed above); or control (= an equivalent quantity of de-ionized water). Twenty four hours after treatment, the samples were processed for bacterial production measurements as described below.
Field Expt 1. This experiment was designed to examine nutrient and larval impacts on microbial biomass. We chose to place microcosms in the field to better approximate fluctuating temperature regimes experienced by natural larval populations and to allow destructive sampling for microbial components. Microcosms were constructed as described by and consisted of sections of PVC (3" inner diameter [~7.6 cm], 6" length [~15.2 cm]) pipe sealed at one end and wrapped with 1 ⁄ 2 " [~1.3 cm] foam pipe insulation. Each microcosm initially received 1 g (dry weight) senescent white oak Quercus alba leaves that had been collected from a single tree prior to abscission (in March), 300 ml de-ionized water, and an initial addition of inorganic nutrients (N, P, S) and 3 ml of a composite treehole inoculum (Kaufman et al. 2001) . Initial nutrient additions to all microcosms were at concentrations designed to mimic stemflow input (see above). The tops were covered with an aluminum window screen attached with plastic cable ties. Slots were cut in the screen to allow addition of larvae and nutrients, and to allow collection of adults. In early June 1998, after 1 wk of pre-conditioning in the lab at ambient temperature, the microcosms were secured to trees in a woodlot at the Kellogg Biological Station (Kalamazoo, MI) in groups of 4 per tree using pipe strap around the trunk and plastic cable ties to attach the microcosms to the strap. Microcosms were placed on the northern side of each tree, approximately 0.5 m above ground level and covered with coarse mesh shade cloth to reduce light penetration. Chicken wire was then secured around each tree base to exclude raccoons.
Larvae and nutrients were added to the microcosms in a 2 × 2 factorial design with each tree as a block. Each of the 4 microcosms per tree received a randomly assigned treatment of L+ (larvae present), L-(larvae absent), N+ (nutrients added), or N-(no additional nutrients). L+ treatments received 40 first instar larvae 2 d after the microcosms were secured to trees. Those designated as N+ received nutrients 4, 11, and 18 d after larval additions. Concurrently, an equivalent quantity of de-ionized water was added to N-treatments. Nutrient additions were the same as the 'combination' treatment described for Laboratory Expt 1. Nutrients were added in quantities calculated to provide the final concentrations described above, assuming a volume of 300 ml. No adjustments were made for accumulation of nutrients from previous additions, or for water volume changes in the microcosms during the experiment.
Because analyses required destructive sampling of microcosms, 18 trees were used for this experiment, allowing 6 replicates of each treatment on each of 3 sampling days. Two days after each nutrient addition, microcosms were removed from 6 randomly selected trees and kept in coolers for transport to the lab and subsequent processing. To process each microcosm, the entire water column was poured through a 100 µM mesh nylon screen into a beaker. Any larvae and pupae were then removed from the screen and frozen. Subsamples of the water were then preserved for counts of bacteria and protozoans, transferred to vials for bacterial production measurements, or placed in vials to be frozen for organic compound analyses (see below). All leaf material was removed, examined for larvae and pupae, and then subsampled with a 17 mm diameter cork borer for bacterial abundance and production, fungal biomass, and leaf dry mass (Kaufman et al. 2001) .
Bacterial abundance: Ten ml water samples were preserved with 10% formalin and refrigerated until staining with DAPI (Porter & Feig 1980 ) and enumerating as previously described (Kaufman et al. 2001) . Leaf discs for bacterial counts (2 per microcosm) were preserved in filter-sterilized, buffered formalin and refrigerated. Leaf-associated bacteria were enumerated with DAPI staining as above after dislodgment with sonication (Kaufman et al. 2001) .
Bacterial production: Bacterial production was estimated with the 3 H-leucine incorporation method (Kirchman 2001) . All samples were incubated for 30 min at 20°C in the dark. We employed the microcentrifuge tube version of this technique (Smith & Azam 1992 , Kirchman 2001 . Water samples were incubated in 2 ml microcentrifuge tubes. Leaf discs (2 per microcosm) were incubated in glass scintillation vials with filter-sterilized water from their corresponding microcosm. Reactions were stopped with concentrated trichloroacetate (final concentration 5%, v:v). Water samples were processed directly in their incubation tubes, while leaf discs were first sonicated (Kaufman et al. 2001 ). The leaf sonicates and 2 subsequent rinses were then transferred to microcentrifuge tubes for quantitation of labeled protein in the same manner as water column samples.
Protozoan and rotifer abundance and biovolume: Water samples were preserved and stained with 1% Lugol's solution (Wetzel & Likens 1991) and refrigerated. After cells were concentrated in settling chambers, they were classified and counted using inverted light microscopy. Protozoans and microeukaryotes were categorized into the following general groups: large and small circular flagellates, ovoid flagellates, large or small ciliates, large or small cysts, rotifers, and other (unidentified). Biovolumes were determined by measuring the length and width of representative samples of each group (n ranged from 50 to 200 for each category) and calculating volumes based upon simple morphology (Wetzel & Likens 1991) .
Fungal biomass in leaf material: Fungal biomass was estimated from the ergosterol content of leaf subsamples (Newell & Bärlocher 1993 , Suberkropp & Weyers 1996 . Two leaf discs from each microcosm were preserved in 100% HPLC-grade methanol and refrigerated in the dark. Ergosterol was extracted and quantified as described previously (Kaufman et al. 2001) . Two additional leaf discs were removed from each microcosm and dried for determination of leaf disc mass.
Mosquito biomass: Larvae and pupae were counted and numbers of each instar determined prior to freezing. All larvae from each microcosm were frozen en masse as were all pupae. Adults were frozen and stored individually in microcentrifuge tubes. All mosquitoes were then lyophilized and stored desiccated until weighed. Because all microcosms received the same initial number of larvae, survival was defined and analyzed as the total number of living mosquitoes (larvae, pupae, or adults) recovered from each microcosm at each time period.
Field Expt 2. Microcosms identical to those described above were placed on trees (4 per tree) in the same woodlot as in Field Expt 1 and each was randomly assigned one of 2 nutrient treatments for a total of 8 replicate microcosms per nutrient treatment. Nutrients were added at 1 ⁄ 2 × and 2 × the levels in Field Expt 1 on Days 4, 11, and 18 after addition of 40 1st instar larvae. In this experiment, adults were collected every 1 or 2 d from the time of first noticeable emergence to 40 d past the day of larval additions. On Day 40, microcosms were dismantled to collect and freeze remaining larvae and pupae. This experiment was initiated 1 wk later than Field Expt 1.
Field Expt 3. As above, microcosms were attached to trees in the woodlot used for Field Expt 1. Microcosms were attached to each tree (3 per tree) and each was randomly assigned one of 3 nutrient treatments for an initial total of 8 replicates per treatment. Nutrients were added at the same concentration as Field Expt 1, but either on 3 consecutive days during the first week (Early), the second week (Middle), or the third week (Late) after larval addition. This experiment was conducted concurrently with Field Expt 2.
Statistics: We employed multivariate and multiple univariate analyses for all data sets from Laboratory Expt 1 and Field Expts 1, 2, and 3. Laboratory Expt 2 was analyzed as a standard 1-way ANOVA. For the factorial design in Laboratory Expt 1, data were first analyzed with MANOVA (SAS Institute) and each variable was then analyzed with univariate hypothesis test techniques (Procedure General Linear Model; SAS). Microbial variables were grouped into water column and leaf categories based on previous results (Kaufman et al. 1999 (Kaufman et al. , 2001 ) and our initial hypotheses, suggesting that water and leaf microbial communities may respond differently to the treatment combinations.
Mosquito production parameters in Field Expt 1 were treated as a separate group because they were not components of the full 2 × 2 factorial design and also may have responded differently to water column and leaf microbial dynamics. Because production of adults was limited by the duration of the Field Expt 1, we analyzed only total biomass (sum of all recovered stages) and survival. Production of adult females in Field Expts 2 and 3 was also potentially limited by the duration of the experiments and we analyzed total adult numbers and biomass instead of separate male and female components.
The models for Field Expts 1, 2, and 3 included the random block effect of tree, nested within time for Field Expt 1, and thus were a mixed model analysis. Block effects were not significant in any test and therefore are not reported in the results. Although we report results from SAS Proc GLM with mixed model hypothesis tests, we also used SAS Proc Mix. Conclusions (i.e. significant effects) were identical with both procedures. When necessary, data were transformed [log(x) or log(x+1) or arcsine-square root (x)] prior to analysis. The Tukey-Kramer Honestly Significant Difference (HSD) test was used for multiple means comparisons in a posteriori analyses. F-and p-values for MANOVA were from Wilks' Lambda calculations. A sequential Bonferroni correction (Rice 1989) 
RESULTS

Laboratory experiments
Both larval presence and soluble nutrient type affected bacterial communities in microcosm water columns and leaf surfaces (Fig. 1, Table 1 ). Only bacterial cell densities in the water column were not significantly affected (Table 1) . There was no evidence of interaction between nutrient and larval effects (Table 1) . Larval presence reduced bacterial numbers and growth rates on leaf surfaces, and increased bacterial growth rates in the water column. Glucose in combination with inorganic nutrients was the most consistent stimulus for bacterial biomass, in terms of either leucine incorporation rates or cell numbers.
Glucose was the principal stimulus of bacterial production in natural treehole water samples (Fig. 2) . The overall ANOVA was highly significant (p < 0.0001, treatment df = 4, error df = 45), and a posteriori means comparisons showed that glucose and combination treatments were the only treatments to increase bacterial production above control levels (Fig. 2) . 
Field Expt 1: Microbial responses
Both multivariate and univariate analyses of water column microbial components indicated that time and larval presence had strong effects, but that any nutrient effects and interactions between main effects were undetectable ( (Fig. 4) . Flagellate numbers declined by an order of magnitude between the day of larval addition and 1 wk after (Fig. 4) , and generally declined during the course of the experiment. Conversely, the number of cysts increased, and small cysts in the same size classes as flagellates were more predominant in microcosms containing larvae (ANOVA of arcsine/square root-transformed percentage values, error df = 60, p < 0.0001 for larval main effect). Leaf microbial responses, including general decay rate (mass loss) were also most strongly influenced by time and larval presence (Figs. 3 & 6) , and multivariate and univariate analyses (Table 3) were significant for these main effects. Based upon univariate analysis, nutrient addition significantly increased bacterial production; however, the nutrient effect in MANOVA was not significant (p = 0.07, Table 3 ). There were no significant interactions between the main effects (Table 3) and no significant block (tree) effects (results not shown). In contrast to the water column, leaf bacteria declined significantly in terms of abundance and biomass production rates when larvae were present. Ergosterol content in leaf material, expressed on a per disc (subsample or surface area) basis, declined significantly with time and in the presence of larvae (Fig. 6 , Table 3 ). Although ergosterol declines indicated that fungal biomass associated with leaves was reduced in the presence of larvae in absolute terms, this reduction paralleled leaf disc mass loss as a function of larval presence (Fig. 6, Table 3 ). Ergosterol concentrations per dry weight of leaf material were not significantly affected by larvae (data and analysis not shown).
Field Expts 1, 2, and 3: Mosquito biomass
Nutrient additions enhanced mosquito survival rates and/or production in all field experiments (Fig. 7 , Tables 4-6). In Field Expt 1, nutrient addition enhanced overall survival rates of mosquitoes, but had no effect on total mosquito biomass (Fig. 7A, Table 4 ). In Field Expt 2, the higher (2 ×) nutrient treatment significantly enhanced total mosquito biomass (Fig. 7B , Table 5 ). Adult numbers and biomass were not significantly affected, largely because one low ( 1 ⁄ 2 ×) nutrient microcosm produced 11 females. A grand total of 30 females and 71 males were collected from all microcosms over the 40 d of Field Expt 2. In Field Expt 3, the timing of nutrient addition significantly affected all measures of mosquito production (Fig. 7C, Table 6 ). Additions of nutrients during the second week (Middle treatment) after larval addition were most effective in enhancing mosquito production. Over 40% of 173 males and 36 females collected from all microcosms emerged from the Middle treatment. There were no significant block (tree) effects in any test (data not shown).
DISCUSSION
This study showed that soluble nutrient additions stimulated bacterial production and mosquito production in simulated container-type habitats. This supports the concept that a principal role of stemflow in enhancement of Ochlerotatus triseriatus production from treeholes is to supply microbial growth-stimulating substrates. However, these nutrient additions in amounts typical of stemflow input were much less important in determining microbial biomass dynamics than the overriding impacts of larval grazing and background microbial succession processes. Interestingly, we found no strong evidence of interaction between larval grazing and nutrient addition, but did find that water column and leaf-surface microbial groups responded differently to the main treatments. 
Larval grazing effects
As a top level consumer capable of feeding on all lower trophic levels, Ochlerotatus triseriatus larvae had a profound effect on nearly all microbial components assayed in the this study and these feeding effects were not consistently negative. Water column bacteria responded differently than leaf-associated bacteria, showing less pronounced susceptibility to larval grazing and increased production rates in some cases. Although protozoans and rotifers generally declined in the presence of larvae, an increase in cyst formation showed the larval effect to be more than simple biomass harvesting. In contrast, declines in leaf-associated bacterial abundance and production, and leaf fungal biomass were consistently related to larval presence.
Most previous studies , CochranStafira & von Ende 1998 , Paradise & Dunson 1998 , Kaufman et al. 1999 ) of mosquito larval feeding on the bacterial component of container habitats have emphasized water column bacteria only. Results from laboratory and field experiments presented here mirror the variable bacterial responses to larval feeding observed in those studies. We also suggest that larvae may reduce some water column bacterial populations and stimulate others, resulting in undetectable effects on the composite of bacterial populations present at any one time. This is consistent with a shift in bacterial community structure as a response to larval feeding and likely reflects the decline of digestible bacteria and the increase of digestion-resistant populations (Cochran-Stafira & von Ende 1998 , Kaufman et al. 1999 ). This study is also noteworthy in that it shows that larvae may stimulate the growth rates of potential prey items under some conditions (Fig. 1) , as has been shown frequently in zooplankton-phytoplankton interactions (Sterner & Hessen 1994) .
It might be expected that Ochlerotatus triseriatus larval feeding effects would enhance water column bacterial abundance because larvae reduced the numbers of bacterivorous protozoans and rotifers. However, our results are more comparable to freshwater planktonic systems with Daphnia as a top-level predator on both bacterial and protozoan components. Bacterial populations in these systems are often unable to increase after removal of protozoans because Daphnia feeding pressure on bacteria is maintained or intensified (Jürgens 1994 , Langenheder & Jürgens 2001 ). The only consistent responses in these systems have been a bacterial community shift to smaller cell size classes and, presumably, digestion-resistant forms (King et al. 1991 , Jürgens 1994 , Jürgens & Montserrat-Sala 2000 . We did not quantify bacterial morphotype changes in this study; however, we have observed increases in bacterial cell sizes related to the removal of larval O. trise- riatus from natural treeholes, suggesting direct and indirect interactions with the bacteria-protozoan food web (Kaufman et al. 2000) . In agreement with our previous studies (Kaufman et al. 1999 (Kaufman et al. , 2001 , leaf surface bacteria showed consistently negative responses to larval grazing. Microorganisms associated with surfaces (leaf material and container walls) quantitatively represent the primary food resource for larvae in container habitats (Kaufman et al. 2001) . These results support the idea that larval grazing of surfaces is intense enough to negate any compensatory bacterial community shifts or growth responses. This contrasts with findings in other detritivore/microbial prey systems where invertebrate grazing has usually been shown to stimulate microbial production (e.g. Lopez et al. 1977 , Van De Bund et al. 1994 , Graca et al. 2000 .
Larval feeding effects on water column protozoa in this study agree with previous reports showing that protists are heavily grazed by larvae under most conditions (Kurihara 1983 , Cochran-Stafira & von Ende 1998 , Paradise & Dunson 1998 , Eisenberg et al. 2000 . The reduction of protozoan biomass in the presence of larvae could go far in explaining larval growth demands thought to be insufficiently met by bacterial biomass (Kaufman et al. 2001) . However, protozoan turnover rates were not measured here and these coupled with larval predation rates would be necessary for estimates of protozoan contributions to larval growth. Non-encysted protozoan biomass generally declined or was stable in treatments free of larvae, so there was little evidence of rapid protozoan population growth in this study.
An unexpected result of this study was the high proportion of encysted protists in all treatments and the apparent stimulation of encystment by larvae. We did not attempt to identify the cysts, but size classes suggested that most flagellates and ciliates observed as active forms were also present as cysts. The majority of cysts observed were in the same size classes as flagellates, corresponding to a precipitous decline in flagellated populations at the start of the experiment (Fig. 4) . Formation of cysts by planktonic protozoans is normally associated with declining nutritional conditions (Anderson 1988 , Laybourn-Parry 1992 . In this study, bacterial declines and/or community shifts due to lar- Table 6 . Multivariate (MANOVA) and univariate hypothesis tests of mosquito survival and production from Field Experiment 3. For univariate analyses, significant source effects at the 0.05 α-level after sequential Bonferroni correction are indicated with an asterisk val feeding on bacteria may have effectively reduced resource abundance for bacterivorous protists and therefore accelerated the rate of cyst formation. Bacterial abundance and production also rapidly declined over this period, supporting the resource link hypothesis for cyst formation. Alternatively, cysts might represent a direct response to larval predation in their presumed greater resistance to digestion. To our knowledge, this has not been demonstrated in aquatic food webs, but resistance to digestion is clearly one function of pathogenic protozoan cysts in mammals (Anderson 1988) .
Our results also present the first quantitative evidence of leaf fungal biomass harvest by larvae. In contrast to our previous investigation of this microbial component (Kaufman et al. 2001) , larvae reduced levels of ergosterol concurrent with reducing leaf mass. Presumably, by browsing on leaf surfaces larvae abraded portions of the leaf matrix and consumed fungi as a result. This feeding activity is analogous to that of many aquatic detritivores which ingest decaying plant material in order to harvest the fungi within (Ingham 1992) . Alternatively, larval activity may have stimulated leaf fungal decay activity that resulted in higher leaf mass loss when larvae were present. It has been shown that invertebrate grazing can stimulate fungal growth rates while reducing fungal biomass (Graca et al. 2000 ). An indirect enhancement of fungal activity might also have resulted from larval removal of leaf surface bacteria that compete with fungi for soluble resources.
Because ergosterol concentrations per leaf dry weight were unchanged by larvae, there is no evidence that larvae were able to selectively remove fungal biomass, as observed for some invertebrates that scrape decaying plant material (Newell & Bärlocher 1993 , Graca et al. 2000 . Evidence for larval enhancement of leaf mass loss has been inconsistent and may depend on larval densities (Fish & Carpenter 1982 , Kaufman et al. 2001 . Nonetheless, if any fungal biomass in leaf material is available to larval digestive processes, this resource would also help fill the nutritional gap between measured microbial biomass and larval demands (Kaufman et al. 2001 ).
Nutrient effects on microbial biomass
Our results indicate that labile organic carbon is likely the primary limitation to bacterial growth rates in Ochlerotatus triseriatus larval habitats, as has been shown to be the case in many aquatic habitats (Thomas 1997) . Inorganic nutrients, principally N and P, may colimit some bacterial groups (e.g. those associated with leaf surfaces or those that employ oxidized forms of N as electron acceptors), but do not appear to stimulate bacteria without a concomitant source of DOC. It is unclear how these dynamics may change over the course of time in natural treeholes because levels of N and P fluctuate greatly and there are little data on levels of labile DOC.
Inorganic nutrients such as N and P are known to limit microbial biomass and decomposition rates of leaf material in freshwater systems because most senescent leaf material has high initial ratios of C:N and C:P. N and P from the overlying water act to stimulate fungal growth, which in turn increases leaf breakdown rates (Suberkropp 1995 , Grattan & Suberkropp 2001 ). Because we saw no significant nutrient effects on either ergosterol or leaf weight loss, it appears that nutrients at levels applied in Field Expt 1 did not greatly stimulate the leaf fungal populations. However, leaf-surface bacteria were stimulated by nutrients in our experiments, and differed from water column bacteria in response to DOC and N and P additions. The biofilm structure may have served to provide an already elevated level of DOC from leaf decay and would also present a potential diffusion barrier to water column inorganic nutrient pools (Costerton et al. 1995) , thereby confounding effects of soluble nutrients introduced into the water column.
Although soluble nutrient additions were shown to stimulate water column bacterial production within 24 h in the laboratory experiments, nutrient additions during Field Expt 1 generally failed to elicit similar responses in bacterial growth rates. Part of the difference may be that, in the field experiment, responses were measured 48 h after nutrient additions, and glucose levels might have been depleted earlier within that time period. Production rates may have also been influenced by temperature regime differences. We monitored water temperatures in an extra microcosm throughout Field Expt 1. Although the overall mean temperature in the field microcosms was 21.5°C, a value comparable to the 20°C constant temperature maintained in the laboratory, temperatures sometimes exceeded 29°C.
Mosquito response to nutrient additions
Significant enhancement of leaf-associated bacterial production by nutrients points to a possible mechanism for increased mosquito survival in the N+ treatments of Field Expt 1. The importance of leaf-associated microorganisms to Ochlerotatus triseriatus is well accepted but largely unmeasured (Walker & Merritt 1988 , Merritt et al. 1992 , Leonard & Juliano 1995 . We have previously quantified larval feeding effects on leaf surface bacteria (Kaufman et al. 1999 (Kaufman et al. , 2001 ), but the current study provides the first evidence that stimulating the growth rate of leaf bacteria directly, compared to simply adding more leaf substrate, can enhance larval survival. Other factors are doubtless involved, but previous studies (Juliano & Reminger 1992 , Leonard & Juliano 1995 , Eisenberg et al. 2000 have demonstrated the positive behavioral and growth responses of larval stages to submerged surfaces. A potentially important component is container wall-associated microorganisms. We have shown that wall-associated bacteria are grazed as intensely as leaf-surface bacteria (Kaufman et al. 2001 ), but we have not investigated soluble nutrient effects on wall-associated microorganisms. In this study, nutrient stimulation of wall-associated microorganisms in conjunction with increased production of leaf-surface forms may also have enhanced mosquito production.
Despite increased mosquito survival in the N+ treatments, there was no difference in overall mosquito biomass production in Field Expt 1. By Day 20, there were approximately 6 more viable larvae per microcosm in the N+ treatments. Consequently, larvae in the Ntreatments tended to be larger than in N+ treatments, and this likely resulted from less inter-specific competition for food and/or the added microbial production from decay of larval cadavers. Fourth instar Ochlerotatus triseriatus larvae can cannibalize first instars (Koenekoop & Livdahl 1986) , but this was highly unlikely in our study because all introduced individuals were from the same cohort and thus the necessary size discrepancy was absent. Recent work (Daugherty et al. 2000) , however, demonstrates that insect cadavers can enhance mosquito production from container habitats, presumably via the microbial/detrital food web.
Mosquito production responses to nutrient additions in Field Expts 2 and 3 were more obvious than in Field Expt 1. Mosquito biomass was enhanced by doubling the input of nutrient levels supplied in preceding experiments. Also, by adding the same overall amount of nutrients as preceding experiments but in rapid succession during the second week of larval development, mosquito biomass, survival, and adult emergence were enhanced. These results mirrored previously established positive effects of stemflow on Ochleotatus triseriatus production, and suggest that soluble nutrient input from stemflow may be more important than flushing of inhibitory metabolites such as ammonium. In similar microcosms, concentrations of ammonium were within ranges found in natural treeholes (Kaufman et al. 1999) ; however, microcosms as described here are inherently 'younger', have less sediment build-up, and may not yet have accumulated other potentially toxic metabolites (e.g. hydrogen sulfide) compared to natural treeholes. It should also be noted that our additions of nutrients were based upon full replacement of container fluid by stemflow. While a typical stemflow event can flush and replace the water column several times over , our method of adding stemflow nutrients did not remove previously added nutrients. We are confident that labile carbon supplements did not accumulate between additions, except perhaps when added successively during Field Expt 3, because we measured soluble carbohydrate levels (M. Kaufman unpubl. data). However, we do not know how much N and P carried over. Thus, our nutrient additions may have added more available inorganic nutrients than would normally be found in a succession of stemflow events.
Although the effect of 2× nutrient input on mosquito production might be explained by presumed overall increases in microbial food sources, the effect of timing in the mosquito response to nutrients is not immediately clear. Adding nutrients consecutively during the second week had a more pronounced effect than giving a single pulse of 2 × nutrient concentrations at weekly intervals (Fig. 7) . It may be that development during the second week of the experiment, when most larvae would have been 4th instar and males were beginning to pupate, was reaching a nutritional bottleneck due to decreasing microbial food resources and increasing larval demand (Kaufman et al. 2001) . The bacterial production sustained by consecutive days of nutrient addition might simply have been a suitably high pulse at a critical time. Because a similar pulse during the third week, also during a time when larval demand would be high, did not result in the same effect, we can only assume that the gap between larval demand and microbial production at this time period was too great to be compensated for by a bacterial growth spurt.
We suggest, as did Daugherty et al. (2000) , that nutrient 'pulse' inputs are a major characteristic of container habitats and that these supplemental nutrient pulses and the timing of their input can be as important as initial leaf input in determining mosquito production from container habitats. Although initial leaf input is critical for larvae (Carpenter 1983 , Leonard & Juliano 1995 , this resource may degrade in quality rapidly (Macia & Bradshaw 2000) , thereby intensifying larval competition during development. Stemflow inputs alone are relatively unimportant in determining mosquito production compared to leaf material (Macia & Bradshaw 2000) , but can be important modifiers of leaf decay and mosquito performance (Carpenter 1982) . Periodic supplements from stemflow or additional particulate input during leaf quality decline are probably critical in allowing continued development of larvae in treehole habitats.
We have assumed in this study that nutrient addition effects on mosquito production are mediated through increases in microbial production. However, evidence exists that mosquito larvae can harvest DOC directly by drinking and subsequent absorption in the gut (Martin & Edman 1991) . Reported ingestion rates of radio-labeled, soluble glucose by larval Aedes aegypti, if applicable to Ochlerotatus triseriatus, would suggest that larvae could take up substantial quantities of dissolved glucose. However, calculation of drinking rates for A. aegypti larvae indicate that individual larvae imbibe only about 10 µl of water per day (Aly 1985 , Aly & Dadd 1989 , thereby making any harvest of soluble glucose in our experiment negligible. It has been shown that some aquatic invertebrates can absorb dissolved nutrients directly through the integument (Thomas 1997 , Speas & Duffy 1998 , but this has not yet been demonstrated for mosquito larvae. Similarly, it has been suggested that O. triseriatus is limited by sodium in the treehole environment (Paradise & Dunson 1998) , but it has not been established if sodium limits larval growth directly or is mediated via a sodium limitation in the microbial food web. The ability of larvae to directly assimilate any soluble nutrients would further undermine the ability of current food web theory to describe this system because, in effect, a top-level consumer would be competing with the basal producers in the system for energy sources or cellular components.
Summary and conclusions
We have shown that Ochlerotatus triseriatus larvae can impact all lower trophic levels in container habitats and that soluble nutrient inputs can potentially modify these impacts and positively affect mosquito growth. O. triseriatus fed upon and reduced nearly all microbial components, but positive nutrient effects were most evident in the basal trophic level of leaf surface bacteria. Typical trophic cascade models of top-down and bottom-up effects (e.g. McQueen et al. 1986 ) that predict alternating positive and negative effects on trophic level sequences are not applicable in this case and simultaneous effects of nutrient and predation constraints must be considered (e.g. Batzer 1998). Food webs in most detritus-based systems are poorly understood (Rosemond et al. 2001) , but the treehole system is comparable in some ways to planktonic lake systems dominated by large cladocerans. Daphnia feed upon both bacteria and their protozoan predators, having the general effect of reducing abundance of both groups and severely dampening bottom-up nutrient effects while also causing changes in microbial community composition (Jürgens 1994 , Pace & Cole 1996 , Langenheder & Jürgens 2001 . Food web models often ignore shifts in the composition of underlying trophic levels and these often determine biomass of trophic levels and energy transfer rates (Leibold et al. 1997 , Cochran-Stafira & von Ende 1998 . In our system, we have observed shifts in bacterial communities (Kaufman et al. 1999 ) and protozoan growth forms (this study) in response to larval feeding and with time, suggesting that a different quality of microbial food resources accompanies a change in microbial abundance.
The implications of this study toward our understanding of mosquito production in container habitats encompass several aspects of the systems that are often ignored. First, the fundamental basis for bacterial production, and therefore resource-based competition by larvae, is likely labile organic carbon released from particulate organic substrates or found in rainwater/ stemflow input. In contrast to most other studied systems, N and P are probably secondary in controlling food resource production for invertebrate consumers. Many studies have shown this indirectly through the observed positive associations between larval development, leaf quantity, and leaf decay rate (e.g. Carpenter 1983 ), but few have actually quantified DOC release or measured bacterial growth (Walker et al. 1997 , Kaufman et al. 2001 ). Second, substrate-associated bacterial biomass appears to be crucial for larvae, but to our knowledge, has been quantified only by our research group. We submit that bacteria on leaves and container surfaces provide the most constant food resource for larvae and, because of the large extracellular carbon content generally associated with attached bacterial forms (Costerton et al. 1995) , are fundamental in the transfer to labile organic carbon to larvae biomass (see also Hall & Meyer 1998) . Third, the changes in microbial group composition or growth form induced by larval feeding against a backdrop of normal microbial successional changes and larval development arelikely to lead to accelerated resource depletion. Therefore, the timing of nutrient input relative to larval growth can be as critical as the quantity of input. These interactions are likely to be magnified in natural treehole systems where larval densities are generally much higher than in this study.
